[1] The tendency of global MHD models to overestimate the transpolar potential in simulations of strong geomagnetic storms and evidence of an adverse feedback of the ionospheric conductance on the potential suggest that these models lack important physics leading to the conductance enhancement. Farley-Buneman instability in the auroral ionosphere provides this lacking physics. This instability is believed to cause strong anomalous electron heating which affects the ionospheric conductivity. We use an earlier developed model of anomalous electron heating to estimate the ionospheric conductance disturbance as a function of the local electric field. This result is used to modify the ionospheric conductance in the LFM model to study its effect on the simulated transpolar potential. An idealized and a real-case simulations are accomplished. In both cases a considerable drop in the simulated transpolar potential is found. The latter is in a good agreement with AMIE model and DMSP data. 
Introduction
[2] The behavior of the transpolar potential is an important signature of magnetic storms. Observations show that while for low or moderate solar wind drivers (IEF < 5 mV/m) the transpolar potential varies linearly with the convective solar wind electric field it exhibits saturation at higher electric field values. Global MHD models have been successful in modeling the behavior of the transpolar potential for low or moderate drivers as well as predicting saturation for stronger drivers [Siscoe et al., 2002; Merkin et al., 2005] . However, they usually predict a significantly higher value of the saturated potential than observed. In this letter we demonstrate that incorporating physics due to microinstability driven turbulent heating in the ionospheric conductance algorithms leads to simulated transpolar potentials consistent with observations.
[3] Global MHD simulations [Fedder and Lyon, 1987; Raeder et al., 2001; Ridley et al., 2004; Merkin et al., 2005] , as well as observations [Ober et al., 2003] indicate that the transpolar potential is affected by the ionospheric conductance. In the Hill/Siscoe model [Siscoe et al., 2002] saturation of the transpolar potential occurs due to the feedback of the conductance-dependent field-aligned currents on the day side reconnection potential. Merkin et al. [2005] described another mechanism of the ionospheric conductance feedback on the day side reconnection potential and suggested that saturation can occur due to increase in the conductance during disturbed conditions.
[4] In global MHD codes, the ionospheric conductance is specified by algorithms that involve only EUV ionization and contributions due to auroral particle precipitation [e.g., Fedder et al. 1995] . However, numerous radar observations indicate that the electron temperature in the high latitude electrojet increases dramatically during magnetic storms [Schlegel and St.-Maurice, 1981; Foster and Erickson, 2000] . Analysis and observations attribute the elevated electron temperature to turbulent heating caused by the Farley-Buneman instability [Farley, 1963; Ossakow et al., 1975] . The instability develops in the altitude region between 90-120 km, where the electrons are magnetized while the ions are not, when the electron drift velocity exceeds the sound speed. This corresponds to a threshold ionospheric electric field of approximately 20 mV/m. For electric fields exceeding this threshold, the instability leads to turbulent (anomalous) electron heating. The higher electron temperature has a strong overall effect on the height integrated conductivities through the electron-ion recombination rate.
[5] In this paper, the effect of the anomalous electron heating on the transpolar potential is studied using the Lyon-Fedder-Mobarry (LFM) global MHD model [Lyon et al., 2004] . A new algorithm was developed and incorporated in the ionospheric part of the LFM model to introduce contribution of the anomalous electron heating to the ionospheric conductance. LFM simulations for idealized solar wind and ionosphere parameters, as well as for a 12 hour period during the Halloween Storm of 29-30 October 2003, are discussed next.
Effect of Anomalous Electron Heating on the Ionospheric Conductances
[6] Models of anomalous electron heating by the FarleyBuneman instability have been developed and tested against incoherent scatter radar data during the last two decades [Providakes et al., 1988; St.-Maurice et al., 1990] . The algorithm incorporated into the LFM model is derived from the recent theoretical analysis by Dimant and Milikh [2003] , which is based on nonlinearly saturated turbulence coupled to numerical solutions of the electron and ion energy balance equations. The results of this model were checked against incoherent scatter radar observations [Foster and Erickson, 2000] .
[7] At the altitudes of interest (90 -120 km) the ion contribution to the Pedersen conductivity dominates the electron contribution and the total Pedersen conductance can be represented as
where n(z) is the electron density, z is the altitude, g NO + and g O 2 + are mixing ratios of the two dominant ion species NO + and O 2 + , m NO + and m O 2 + are masses of these ions, while n NO + and n O 2 + are their collision frequencies with the neutral particles. The Hall conductance disturbance is also taken into account in our calculation, although its effect on the transpolar potential is insignificant, since the Hall current closure occurs along the trajectory perpendicular to the electric field. The code has been run with and without the Hall conductance disturbance, and this assertion has been verified within $5-10% accuracy.
[8] The ionospheric conductivities can be affected by anomalous electron heating only through the changes in plasma density [Schlegel and St.-Maurice, 1981] . The increase in the plasma density n is the result of the decrease in the electron-ion recombination rate a with the electron temperature. Under stationary conditions, it is given by n = n 0 ffiffiffiffiffiffiffiffiffiffi ffi a 0 =a p [Gurevich, 1978] , where according to Huba et al.
and T 0 , n 0 , and a 0 are the unperturbed electron temperature, density, and recombination rate: a 0 = a(T e = T 0 ), n 0 = n(T e = T 0 ).
[9] In developing the conductance algorithm the ambient electron density and the mixing ratios of NO + and O 2 + ions were taken from the International Reference Ionosphere (web address: http://nssdc.gsfc.nasa.gov/space/model/models/ iri_html). The electron temperature as a function of altitude and of the convective electric field was taken from Milikh and Dimant [2003] , Figure 8 . The ion collision frequencies were found by using momentum transfer collision frequencies for ion-neutral interactions [Schunk and Nagy, 2000] while the neutral density and temperature were taken from MSIS-E-90 Atmosphere Model (web address: http://nssdc.gsfc.nasa.gov/ space/model/models/msis.html). The ambient and perturbed conductances were computed from equations (1) -(2) by using the previously mentioned model data along with the T e (z, E C ) dependence, where E C is the local convective electric field, from Milikh and Dimant [2003] .
[10] Figure 1 shows the calculated ratio of the disturbed to quiet Pedersen (a) and Hall (b) conductances as a function of E C for the daytime (dashed) and nighttime (dash-dot) conditions, corresponding to the date of the real event simulation described below (30 Oct 2003) at 65°N. The solid line is the square root dependence, S P,H /S P,H 0 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi E C =E thr p , where E thr = 20 mV/m is the instability threshold electric field.
[11] Figure 1 demonstrates that the ratio S P,H /S P,H 0 is a nonlinear function of the convective electric field, and that S P,H can be disturbed up to as much as 2.5 times their unperturbed value, when the electric field E C approaches 150 mV/m. It is worth noting, that the ambient Hall conductivity peaks at about 110 km for the nighttime as well as daytime. Thus, the relative increase in S H is almost the same at the day and nighttime. For the ambient Pedersen conductivity, however, the nighttime peak is still located at 110 km, while the daytime peak is shifted to higher altitudes 120-130 km. Thus, the anomalous electron heating, which is effective at 100-120 km, has a smaller effect on S P at the daytime compared to the nighttime.
Anomalous Electron Heating in the LFM Simulations
[12] One expects that perturbations of the ionospheric conductance as strong as those shown in Figure 1 will affect the ionospheric solution of a global MHD model. In the LFM model the ionospheric simulation solves the heightintegrated Poisson equation:
where S is the conductance tensor, F is the electrostatic potential, and j k is the field aligned current (see Lyon et al. [2004] and references therein for details). The conductance tensor contains the height-integrated Hall and Pedersen conductivities that can be either set to a constant value uniformly over the entire polar cap or calculated from an empirical model including EUV ionization and auroral precipitation [Fedder et al., 1995] .
[13] In this section we test the response of the LFM model to the changes in the ionospheric conductance shown in Figure 1 . This is accomplished by incorporating in the LFM an algorithm that compares at every time step the local electric field computed from the solution of Poisson equation (3) with the threshold value for the instability and if larger adjusts the conductances to the values given by Figure 1 . A drawback of this approach is that both the quiet and disturbed ionospheric conductances used to obtain the profiles in Figure 1 are calculated using the averaged ionosphere and atmosphere models mentioned in section 2, which do not include an auroral oval. Then the LFM conductance is modified based on the value of the disturbance in Figure 1 . A self-consistent approach to the problem at hand would be to incorporate the anomalous electron heating rate in an ionosphere-thermosphere model (ITM) energy balance equations, and then use the ITM conductances to drive the ionospheric simulation of the global MHD model. Such a study is currently in progress, while this paper shows a ''proof of principle'', namely that the anomalous electron heating may be very important globally for the evolution of the entire magnetosphereionosphere system.
[14] We first run simulations using an idealized solar wind and ionospheric model with the solar wind propagating strictly earthward with 400 km/sec speed, number density 30 cm
À3
, and southward IMF (B z = À40 nT) that corresponds to a strong driver (IEF of 16 mV/m). Two simulations were performed: One with 10 S uniform Pedersen conductance and no anomalous heating and one with the anomalous heating algorithm, where S P (E C ) dependence is modeled through the square root function shown in Figure 1 , and the same background conductance. In both cases the solution converged to a steady state within 1 -2 hours following the southward turning of the IMF. However, the steady state polar cap potential was found to equal 221 kV in the presence of anomalous heating as opposed to 352 kV without it.
[15] Next we simulated a real event that occurred on October 29-30, 2003 (Halloween Storm) using solar wind data from the ACE SWEPAM instrument [Skoug et al., 2004] . In this case the background ionospheric conductance was calculated using the empirical model [Fedder et al., 1995] and the anomalous heating was modeled using the day and night profiles shown in Figure 1 . To analyze the effect of anomalous electron heating on the LFM transpolar potential we choose a period from $1200 UT to $2400 UT on October 30. This is one of the periods during the indicated 2-day interval when extremely high solar wind speeds were observed. Despite moderate magnitude of the southward B Z the IEF at times exceeded 30 mV/m resulting in large convective ionospheric electric fields expected to cause strong anomalous electron heating. [16] Figure 2 shows the comparison of the LFM Northern Hemisphere transpolar potential calculated using the conventional LFM ionospheric model (dashed line) and that model with the contribution of anomalous electron heating to the ionospheric conductance (solid line). The difference is quite remarkable. It is $135 kVaround 2027UT (about 10 -20 min after the peak) which constitutes 30% of the unmodified value. For comparison, the dotted line in the figure shows the AMIE [Richmond and Kamide, 1988 ] transpolar potential as well as the potential recovered from the DMSP F13 polar passes (crosses). In general, the LFM transpolar potential that incorporates the physics of the anomalous electron heating is in much better agreement with the AMIE data than the conventional one. The DMSP values are generally lower than both AMIE and LFM but the F13 satellite does not necessarily pass through the extreme values of the potential and thus underestimates it.
[17] Figure 3 compares ionospheric quantities in the Northern Hemisphere for the conventional and modified LFM models. The plots correspond to 2027UT. The top panel shows that while the magnitude of the ionospheric potential is smaller in the modified LFM model, the geometry of the pattern is preserved. This indicates that the changes in the ionosphere do not affect significantly the simulated magnetosphere. This is confirmed by the magnetospheric solution (not shown here). This is explained by the fact that under such intense driving it is not very difficult for the solar wind flow to accommodate an additional 130 kV potential drop. Indeed, this drop corresponds to only 0.7 R e increase in the geoeffective distance in the solar wind, for 30 mV/m IEF.
[18] The 2nd, 3rd, and 4th panels in Figure 3 show the changes in the electric field and the Pedersen and Hall conductances, respectively. As expected, the conductances are enhanced in the regions of the high electric field, while the latter is reduced due to the enhanced conductance. This indicates a drawback in the current approach: When the conductance depends on the value of the electric field, equation (3) becomes nonlinear requiring an iterative solution. Possible nonlinear feedback effects are currently under study.
Summary
[19] In summary, we have modified the ionospheric part of the LFM global MHD model to include anomalous electron heating in the calculation of the ionospheric conductance. The dependence of the conductance on the local convective electric field is estimated using the model of the saturated Farley-Buneman instability . Incorporating the physics of the anomalous electron heating results in significant drop of the simulated transpolar potential. This result can, at least partly, explain the tendency of strongly driven global MHD models to overestimate the transpolar potential. Further, the adverse effect of the enhanced ionospheric conductance on the transpolar potential can account for its saturation. The plausibility of such an explanation is supported by the threshold-like dependence of the conductance disturbance upon the local ionospheric and solar wind electric field.
